Abstract-Partial discharge phenomena impact directly on the performance of cable dielectrics. Good quality simulation tools allow investigation of the causes and effects of these events. This paper describes the development of a transmission line matrix (TLM) based tool along with initial results. The potential benefits of this approach allow detailed analysis of propagation on complex transmission lines along with the opportunity to embed detailed full wave or Multiphysics simulations of the site of the partial discharge event. Further, a time domain approach can also be used for time reversal studies, allowing the source and nature of a partial discharge to be determined from the measured data. While many of these are the subject of ongoing research, they are discussed: setting the agenda for TLM analysis of partial discharge propagation.
I. INTRODUCTION Partial discharge occurs in dielectrics when the local field strength is sufficient to cause charge movement within the insulator: effectively, generating a 'spark' within the body of the dielectric. This can come about because of inclusions of oil or gas bubbles, inhomogeneity of the various materials making up the dielectric or possibly geometrical variations. The electric field generated across the insulator can then exceed the dielectric strength of the inclusion causing the partial discharge. The effect of the partial discharge can be electromagnetic noise conducted along the transmission line or radiated from it or, of generally more concern, the further weakening of the dielectric resulting in the higher likelihood of further discharge events. Electromagnetic interference phenomena may have a deleterious interaction with smart grid communications, such as timing signals. The 'erosion' of the transmission line could lead to a possible catastrophic breakdown of the dielectric resulting in failure of the transmission line [1] . Similarly, the noise on the transmission line could cause issues with non-linear loads. The costs of emergency repairs plus the inconvenience (or worse) makes monitoring of partial discharge and understanding of the processes of high importance to cable manufacturers and power distribution companies, amongst others. The sites for pd include contamination, cavities, cracks, electrical trees and geometrical changes such as protrusions from semiconducting layers [2] .
One way to visualize the site of the partial discharge event is the classic "three capacitor model" as shown in Figure 1 . The closing of the switch across the middle capacitor (representing the inclusion) indicates the partial discharge event itself. The capacitors either side are the capacitance due to the 'healthy' dielectric. There are several areas of active research in simulation associated with the propagation of partial discharge events. These include understanding the effects of dispersion on the transmission line: the partial discharge event itself creates high frequency components that will propagate along the transmission line at different frequencies due to the frequency dependent nature of the transmission line. Further interest is in the simulation of the effects of junctions and impedance discontinuities (including the potential frequency dependent nature of those impedance changes). A purely analytical approach to modelling these effects does not allow for easy customization of the configuration and the inclusion of variations in such elements as the physical nature of the transmission line or the actual nature of the partial discharge event (such as its location, amplitude or shape).
A first TLM approach was presented in [3] . However, it 'hard coded' in the three capacitor model and, thus did not have the generality that would make the method universally applicable. There is clearly a need to develop a numerical 'test bench' that can provide a flexible approach to the simulation of the propagation of partial discharge phenomena on transmission The 1D TLM method is based on space and time discretizing the transmission line, each of the resulting space discretized segments receives input voltages from the left and right connected segments, the local transmission line structure can be solved as a simple circuit, employing Millman's Parallel Generator theorem to calculate the new voltages at the left and right side of the segment. These 'scattered' pulses 'connect' to the adjacent segments in the next time increment. From this, a complete transmission line can be constructed where each segment (or node) has properties that are slightly different to its neighbours, giving rise to lengthwise variations. Partial discharge events can be added at any node by including either an additional voltage or current source (or both, depending on the actual model that is being used). The sources can be excited by library waveforms or embedded 2D or 3D simulations, depending on the specific research question being asked or the required fidelity of the study, which could include evolution of the partial discharge site over time. High frequency signals or signatures can be obtained by simple Fourier (or wavelet) transformation. The frequency dependent behavior can be included by using Z-transforms within each of the segments. Such an approach is also naturally suited to time reversal methods to study the actual PD event based on the use of simulation to investigate experimental results.
Given that a segment of a transmission line can be represented by a classic RLCG lumped parameter representation, as in Figure 2 , the interface between two connected segments can be visualized as in Figure 3 . In Figure 3 , the L and C components of each of the adjacent transmission lines described by a characteristic impedance of a lossless line (Z 1 and Z 2 ) . The R and G components are added in separately. Fig. 3 Representation of the interface between two transmission line segments (a node).
It can be readily seen that signals propagating from left to right would be initially incident on the node via Z 1 they would be acted on by R and G and be subject to any impedance difference between the two halves of the node. Similar reasoning can be applied to signals appearing from the right side of the node. Those signals will thus travel across the node, potentially changing the nodal voltage. This is referred to as "scatter". Those scattered voltages will then propagate to the transmission lines where they will present incident voltages on the transmission lines of adjacent nodes in the next time period (time also being discretized to allow for a controlled simulation of the transmission line).
It is possible to solve the representation in Figure 3 by using the equivalent circuit given in Figure 4 . (It should be noted that the voltage sources at the left and right are "2V" to allow the voltage at the node-side of the transmission line equivalents to be "V", due to application of Kirchhoff's voltage law.) The subscript "I" refers to "incident", "l" and "r" as second subscripts mean left and right. The nodal voltage, Vn, can be obtained by applying Millman's parallel generator theorem to the circuit of Figure 4 . Equation  1 gives this solution. From that, the total potential difference a the left side of the node can be obtained by inspection as Equation (2) . The current circulating in the right branch of the node can be obtained as per Equation (3) giving the total
potential difference across the right hand side of the node as in Equation (4).
Typically, source node would be represented with one branch of the node replaced by a Thevenin equivalent source and a load with the transmission line replaced by an impedance. The equations describing the node can be calculated using similar logic to equations (1) - (4).
The site of a partial discharge can be represented by a current or voltage source appearing within one or more node definitions. Figure 5 shows how a current source can be included in the node. A voltage source would be placed in series with the other voltage sources.
The calculation of the nodal voltage can now be given by modifying the previous equation for Vn as given in Equation The discharge current I pd can now be obtained by a variety of means. It can simply be a delta or shaped pulse, contingent on some voltage behaviour of a particular node.
Equations (1) - (5) allow the behaviour of the node to be obtained given distinct incident pulses on the two branches of the node.
As stated before, once the signals have "scattered" through the node, they "connect" to the adjacent nodes in the next time step. Equations (6) and (7) show the new (or "reflected" voltages on the left and right transmission line branches)
Where the new subscript "r" indicates reflected signal. The reflected signal at the left branch of the node becomes the incident signal on the right side of the adjacent node in the next time step. Further discussion of the TLM method is provided in [4] Combining these equations allows the modelling of a transmission line of varying impedance along the length with distributed sources. The next section shows some results of a simulation of a transmission line with a partial discharge event occuring.
III. SIMULATION RESULTS.
A transmission line was simulated using the method above.
For the purpose of illustration a 600 node transmission line had a pulse injected at the near end. The load and the source were not perfectly matched to the line. The pulse was allowed to propagate along the line and reflect at the load and source ends. Figure 6 shows the axes used in the accompanying diagrams and Figure 7 shows the propagating pulse. The pulse propagating in both distance and time can be seen in Figure 7 . The discrete appearance of the pulse propagating is because of the sampling used to produce the diagram. The figure clearly shows attenuation of the pulse along with reflection at both ends.
Time (iterations) Fig. 7 . Pulse propagating along the transmission line Figure 8 uses a much longer line and includes both a large impulse at the source end as well as a lower amplitude sine wave. About a third of the way along the transmission line, a PD event is triggered when the electric field strength in the node exceeds a certain level. This can be seen propagating back towards the source end. Ripples due to the sine wave are clearly visible, as is the reflection at the load end. Figure 9 shows just a sine wave source (note it appears impulse-like due to the sampling used for display purposes). The effect of the propagating PD phenomenon back to the source can be clearly seen, as can the effects of reflection at the load end. 
IV. DISCUSSION ON IMPLICATIONS FOR PD SIMULATION AND CONCLUSIONS
This paper has demonstrated how a general transmission line model can be used to provide a basis for studying partial discharge events on transmission lines. Such studies can include investigation of propagation or of the PD engagement mechanism. This paper has only provided a starting point for further study. There are a number of areas that will be further investigated as part of this ongoing work: Dispersive and frequency dependent behavior in the transmission line is not inherently included within the TLM method as described above. Some non-linearity can be added by varying parameters such as inductance on an iteration-by-iteration basis based on the instantaneous value of some other parameter such as potential difference.
More complex behavior such as that experienced due to frequency dependent behavior of components or materials needs to be included using digital filters / Z-transforms in a similar manner to that in [5] . The illustrations in this paper used a simple pulse to represent the discharge in order to demonstrate the method. In practice, the detail of the discharge could arise from a number of sources. It could come from measurements or a mathematical model derived from experimental results [6] [7] . Alternatively, a separate numerical modelling approach could be used where a simulation of potential PD sites is run between iterations of the TLM simulation. The techniques used for the PD site simulation are not limited to TLM and could include frequency domain models [8] with nodal parameters being passed between the two. A further implication of using TLM in this way is that, given practical measurements, electromagnetic time reversal can be applied to identify the nature of the source of the problem, similar to the approach used in [9] .
